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Abstract 
This paper presents results of analysis of changes in stress state and fault stability related to a planned geological CO2 injection at 
the Tomakomai offshore site, Hokkaido, Japan. Predicted slip tendency in shallow Moebetsu formations is much lower than that 
in deep overpressured Takinoue formations, and estimated effects of the planned injection are relatively limited in both 
formations. Another point is that poro-elastic stress development leads to changes in fault stability compared to that calculated 
based on pressure buildup alone and the initial stress state. These poro-elastic effects on fault stability are comparable to those 
due to pressure buildup itself. 
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1. Introduction 
A carbon capture and storage (CCS) demonstration project is planned by Ministry of Economy, Trade, and 
Industry (METI) at the Tomakomai offshore site, which is located in south-western part of Hokkaido, Japan. The 
project includes geological storage of CO2 under the seabed at a rate of 100,000 tonnes or more per year and for a 
period of a few years [1]. Two different reservoirs are candidates: one is the Moebetsu formation which is shallow, 
gently inclined and composed of relatively homogeneous sandstone. Another is the Takinoue T1 formation which is 
deep, sharply inclined, overpressured and composed of heterogeneous tuff and lava. Effects of the CO2 injection are 
expected to be considerably different between these two reservoirs. 
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Japan CCS Co., Ltd (JCCS) and Japan Petroleum Exploration Co., Ltd. (JAPEX), which are commissioned by 
METI has conducted basic site evaluation and reservoir simulation at the site [1-4]. They simulated fluid flow and 
pressure buildup related to CO2 injection of 0.25 Mt/year × 3 years, and concluded that the two candidate reservoirs 
and their caprocks have sufficient capacity for the planned storage. The injection pressure is designed not to exceed 
the fracturing pressure of caprock. However, slip failure could be caused by smaller pressure change than the 
fracturing [5]. Thus, fault stability analysis in the field scale is an important factor of safety assessment of CCS. 
Based on predicted pressure change by JCCS [1-4], authors [6] investigated fault stability in the deeper Takinoue 
T1 formation and its caprock, using slip tendency scheme [7]. In this paper we report results of additional analysis 
and discuss differences in flow and geomechanical behaviours between the Takinoue and Moebetsu formations, 
using “STAR/SQSCO2” reservoir simulator [7-8] and “SUBSIDE” postprocessor [9]. In addition to effects of pore 
pressure buildup itself, those of poro-elastic stress development due to changes in pore pressure and temperature also 
factor into the calculation of slip tendency. 
 
2. Geology and predicted pressure buildup of two candidate reservoir 
The results of geological survey data and reservoir simulation related to Tomakomai offshore site and the 
planned injection reported by JCCS/ JAPEX [2-4] are summarised below. 
Moebetsu formation (hereafter abbreviated as “Fm.”) is located at a depth of about 870 to 1,200 m. Three-
dimensional (3D) seismic data indicate that its upper part is composed of a silt/mudstone-dominated layer and its 
lower part (below 1,070 m) is composed of a sandstone/conglomerate-dominated layer. The top surface of the 
sandstone layer is gently inclined from the northwest towards the west at an angle of 1° to 3°. In the project, these 
upper mudstone and lower sandstone layers are considered to be a seal and a potential CO2 reservoir, respectively. 
The reservoir pressure and temperature are 10.67 MPa and 44.8 °C, respectively, at a depth of 1,046.8 m.  
Takinoue T1 Fm., another potential CO2 reservoir, is located at a depth of about 2,400 to 3,000 m, with the 
mudstone basement of the lower part of the Takinoue Fm. and the overlying thick silt formations named the Fureoi 
Fm. and the Biratori-Karumai Fms. The structure map at the top of the formation obtained by 3D seismic data 
indicates an anticline with a north-northwest axis. The data also indicate a fault, which is interpreted as non-active, 
at the western edge (about 2 km away from the planned injection point) of the Takinoue T1 Fm. extending to the 
bottom of the upper aquifer. The Takinoue T1 Fm. is a heterogeneous volcanic formation that consists of Neogene 
lava and tuff.  The reservoir pressure and temperature are 34.37 MPa and 91.0 °C, respectively, at a depth of 2,419.4 
m. Mud weight analysis and logging data reveal that the Takinoue T1 Fm. is overpressured.  
 
(a-1) (a-2)  
(b-1) (b-2)  
Fig. 1 (1) Permeability distribution and (2) pressure buildup at the end of three years of the injection in (a) Moebetsu Fm. and (b) Taknioue Fm., 
which are reproduced from results of simulation by JCCS [2-4]. 
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Fig.1 shows (1) permeability distribution assigned to the model and (2) calculated (predicted) pressure buildup at 
the end of three years of the injection in (a) Moebetsu Fm. and (b) Takinoue Fm., which are reproduced from results 
of simulation by JCCS [2-4]. In Moebetsu Fm., pressure change propagated almost exclusively in the sandstone 
layer surrounding area of the injection point. The maximum pressure buildup ('ppM) was about 1.51 MPa. On the 
other hand, in Takinoue Fm., pressure change propagated to the west along a highly permeable dipping zone. 'ppM 
was about 1.83 MPa near the injection point. 
3. Geomechanical characterisation 
3.1. Determination of shear strength of reservoir rock 
On the basis of Coulomb’s failure criterion, the relevant shear strength properties for evaluating fault stability are 
the friction coefficient P and cohesion C. To determine these parameters, we conducted a number of laboratory 
experiments. The rock samples were collected from cores drilled at the Tomakomai site by JCCS. 
The rock samples for the tests were sandstone for the reservoir and siltstone for the caprock from the Moebetsu Fm. 
at vertical depths of 1,113 and 1,031 m, respectively, as well as tuff for the reservoir from the Takinoue T1 Fm. at 
2,560 m and mudstone for the caprock from the Fureoi Fm. at 2,370 m. A multistage direct shear test was adopted 
according to the method suggested by the International Society for Rock Mechanics [11]. The applied normal stress 
was determined by considering the overburden stress, formation pressure, and intact rock strength. Fig. 2 shows an 
example of results obtained by laboratory testing of the Takinoue tuff. A linear approximation describes the 
relationship between normal stress and shear stress. The line shows Coulomb’s failure criterion as expressed by 
 
nPVW  C             (1)  
 
where W and Vn are shear and normal stress on the fault plane, respectively. The test results are tabulated in Table 1. 
 
     Table 1. Shear properties of studied formations. 
Formation Cohesion C [MPa] Friction coefficient P 
Moebetsu mudstone 0 0.57 
Moebetsu sandstone 0.012 0.52 
Fureoi mudstone 0.30 0.61 
Takinoue tuff 0.82 0.46 
3.2. Estimation of in-situ stress state in Tomakomai site 
To estimate the in situ stress state at the Tomakomai site, data from the extended leak-off test (XLOT) by JCCS 
[4] were used. In the XLOT, a sequential procedure is repeated several times until stable fracture propagation is 
ensured so that the effect of rock tensile strength can be ignored. The principal stresses in the plane and wellbore 
pressure can be expressed by the following equations [12]: 
 
3s V P             (2) 
p13r 3 pP  VV           (3) 
 
where Ps and Pr are the shut-in pressure and the crack reopening pressure, respectively. V3 and V1 are the minimum 
and the maximum principal stress in the plane, respectively. pp is the pore pressure.  
The XLOT at the Tomakomai site was conducted at a depth of 2,352 m. The pore pressure is estimated from field 
data collected by JCCS. From these data, V3 and V1 are estimated as 43.79 and 53.79 MPa, respectively at the depth. 
The XLOT was conducted only at the depth so that we assumed these stresses are linear to the depth and 0 at the 
ground surface. Fig. 3 plots the estimated stress-depth profile. Vertical stress was estimated as overburden pressure 
from rock densities reported by JCCS [4]. Here, in situ stress state seems strike-slip mode. The minimum principal 
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stress in the plane V3 is likely the minimum horizontal stress Shmin, and the maximum principal stress in the plane V1 
is likely the maximum horizontal stress SHmax. This trend is consistent with estimated regional stress field in the 
eastern part of Hokkaido, which was reported to be E-W compression with strike-slip-type faults [13-14]. 
In this study, we did not determine the exact directions of V1 and V3 to calculate the slip tendency. Instead, we just 
tuned the fault angle so that the slip tendency became the maximum with the estimated magnitude of V1, V3, and 
pore pressure at each timing and location. 
 
 
(a)  
(b)  
(c)  
Fig. 2 (a) Photograph of specimen of core sample for direct shear test (b) shear stress versus shear displacement curve, and (c) relationship 
between the peak shear stress and the normal stress of Taknioue tuff. 
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Fig. 3 Estimated stress profile. 
4. Fault stability analysis 
4.1. Slip tendency 
We investigated fault stability on the basis of the slip tendency T of the assumed faults, which is expressed as 
modification of Mohr- Coulomb’s criterion indicated in Eq. (1): 
 
 pn pCT DVP
W
           (4) 
  TWTVVW 2250 13t31 cossin.          (5) 
TWTVTVV 22 132t321 cossincos  n         (6) 
p33 pt ' EVV           (7) 
 
where W13 is the shear stress which is considered to be 0 at this stress field. T is the angle of the fault with respect 
to the direction of the maximum principal stress, V1. D andE are Biot’s coefficient and reservoir stress path 
coefficient [15-16], which are assumed to 1 and 0, respectively. When the pore pressure pp increases because of CO2 
injection (ppi → ppi + 'pp), the slip strength weakens and the slip tendency T increases, as long as E is 0 (which 
means V3 is constant). If T exceeds 1, shear slip occurs, or the fault becomes ‘ready-to-slip’, and may reactivate or 
induce seismicity. Thus, T is treated as a safety index for fluid injections. The in situ stress and physical properties 
of rocks were determined from the geomechanical characterisations in Sections 3. The simulated pore pressure was 
used to estimate the slip tendency distribution. In this study, we did not suppose a specific fault; however, we 
assumed that a fault is omnipresent at a site with an arbitrary angle. Although a pre-existing fault with a relatively 
high angle was detected in the Takinoue T1 Fm., we also focused on faults that we could not detect in the 
preliminary survey. We calculated T changing T to be optimally oriented for slip, that is, and evaluated the 
maximum slip tendency with V1, V3, and pp at each timing and location. 
4.2. Fault stability analysis for the project 
In the first place, we evaluated slip tendency based on simulated pressure change by JCCS [4] as shown in Fig.1.
Fig.4 show estimated slip tendency (1) in the natural state and (2) at the end of three years of injection in (a) 
Moebetsu Fm. and (b) Takinoue Fm. In Moebetsu formation, slip tendency becomes the highest around the injection 
point to be from 0.36 in the natural state to 0.43, which is far away from to be “ready-to-slip”. In Takinoue 
formation, slip tendency takes relatively high value of 0.58 even in the natural state because of the overpressure. As 
shown in Fig.1 (b-2), pressure buildup by the injection propagates along the dipping and high-permeable path. Due 
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to this combination of the overpressure and heterogeneous structure, slip tendency becomes the highest to be 0.63 at 
the top of the reservoir located about 2-km away from the injection point. These results indicate that monitoring 
network should cover this extent, instead of focusing on the area nearby the injection point, although the effects of 
the planned injection on the fault stability are relatively limited. 
4.3. Effects of poro-elastic stress development 
In the basic analysis in Section 4.2, CO2 is injected at the reservoir temperature, and thermal effects were ignored. 
Slip tendency was calculated based on pre-injection principal stress magnitude and orientations corresponding to the 
regional stress field estimated in Section 3. However, in-situ stress state can be changed because of poro-elastic 
stress development related to changes in pore pressure and temperature. To investigate these effects, we built a 
simplified 3D model and conducted forward analysis of stress development for deep Takinoue formations, using 
“STAR/SQSCO2” reservoir simulator and “SUBSIDE” postprocessor [8-10], which calculates poro-elastic changes 
in subsurface stress and strain and resulting surface deformation from changing underground conditions computed 
by reservoir simulations. Incremental stress-strain relations are expressed as below:  
  dEdKd kkkk  HV 3          (8)  > @  > @ijij devGddevd HV 2          (9) 
K
dp
dTdE pp3  J           (10) 
 
where K, G, Tp, H, J are bulk modulus, shear modulus, temperature, solid strain tensor, and thermal expansion 
coefficient, respectively. dev(V) and dev(H) represent deviatoric stress tensor and deviatoric strain tensor, 
respectively. 
Fig. 5 shows the conceptual diagram of built 3D model. We chose the deeper Takinoue Fm. to investigate effects 
of poro-elastic effects because slip tendency tends to be higher in this formation. Blue areas represent caprock and 
green area indicates high permeable zone in the reservoir. We assumed that CO2 of 40 ºC, which is planned 
temperature at wellhead, is just injected into the reservoir at around 90 ºC. Permeabilities and poro-elastic properties 
of rocks are determined as shown in the Table 2 by reference to the core data of Takinoue Fm [4]. Unfortunately, we 
have no information about the ratio of thermal expansion at the site, so we assumed them from 0 to 8 micro per 
centigrade based on that of general tuff. 
 
 
(a-1) (a-2)  
(b-1) (b-2)  
Fig. 4 Slip tendency (1) in the natural state and (2) at the end of three years of the injection in (a) Moebetsu Fm. and (b) Takinoue Fm. 
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     Table 2. Permeabilities and poro-elastic properties of modelled formations. 
Formation Permeability [m2] Young’s modulus [GPa] Poisson’s ratio Thermal expansion coefficient [1/ºC] 
Caprock 3.5× 10-20 12.0 0.15 0 – 8 × 10-6 
Reservoir 1 5.0× 10-14 8.0 0.10 0 – 8 × 10-6 
Reservoir 2 1.0× 10-16 8.0 0.10 0 – 8 × 10-6 
 
Fig. 6(a) shows pressure buildup at the end of three years of injection. Pore pressure increased by 1.9 MPa 
around the injection point at the top of the reservoir. If poro-elastic effects are ignored, slip tendency only based on 
the change of effective normal stress due to the pressure buildup changes from 0.54 in the initial state to 0.62 at the 
end of the injection at a maximum, as shown in Fig. 6(b). These results are comparable to the basic analysis in 
Section 4.2. Then, Fig. 7(a) indicates changes in stress in each direction due to poro-elastic effect in the case where 
the thermal expansion coefficient is 0. Here we related Vxx to V1. 'V is positive in compressive condition. The scales 
of stress changes are less than 1 MPa, however, they apparently affect on the fault stability. In the present case, these 
changes lead to increased normal stress across a fault and the maximum slip tendency is limited to be 0.58 (Fig.8 
(a)), which is lower the effects of the injection on a fault stability by nearly half. When the thermal expansion 
coefficient is assumed to be 8 × 10-6 (1/ºC), drop of temperature nearby the injection point changes in-situ stress 
state resulting in increase of shear stress acting on a fault, as shown in Fig. 7(b). As a result, the maximum slip 
tendency becomes higher than the case without polo-elastic effects and it takes 0.64 in this case (Fig. 8(b)), which 
means thermal-elastic effect is comparable to the effect of pressure buildup itself. 
These results indicate that more detailed surveys and investigation for uncertainty of these properties should be 
necessary to assess the impact of CO2 injection on fault stability. 
 
 
Fig. 5 Conceptual diagram of 3D model for investigation of poro-elastic effects on stress field. 
 
(a)  (b)   
Fig. 6 (a) Pressure buildup and (b) slip tendency at the end of three years of the injection without poro-elastic effects. White line in (a) indicates 
the top of the reservoir. 
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(a-3) (b-1)  
(a-2) (b-2)  
(a-3) (b-3)  
Fig. 7 Change in stress field at the end of three years of the injection in (1) x-, (2) y-, and (3) z-direction in the case where thermal expansion 
coefficient is (a) 0 and (b) 8 × 10-6 1/ºC. V is positive in compressive condition. 
 
(a) (b)   
Fig. 8 Slip tendency at the end of three years of the injection in the case where thermal expansion coefficient is (a) 0 and (b) 8 × 10-6 1/ºC. 
5. Conclusions 
In this research, stress changes and fault stability analysis is conducted for planned CCS demonstration project at 
Tomakomai offshore site. Predicted slip tendency in shallow Moebetsu formations is much lower than that in deep 
overpressured Takinoue formations, and estimated effects of the planned injection are relatively limited in both 
formations. Another point is that poro-elastic stress development, in particularly its directional variation leads to 
changes in in-situ stress state and corresponding fault stability compared to that calculated based on pressure buildup 
alone and the initial stress state. These poro-elastic effects on fault stability are comparable to those due to pressure 
buildup itself. Because there are still many uncertainties about poro-elastic properties at the site, detailed surveys 
and investigation are left as a future work. 
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